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a  b  s  t  r  a  c  t
A  bimetallic  oxidation  catalyst  has  been  synthesized  via  wet  impregnation  of copper  and  iron  over  a
mesoporous  SBA-15  silica  support.  Physicochemical  properties  of the  resulting  material  were  character-
ized by XRD,  N2 physisorption,  DRUVS,  FTIR,  Raman,  SEM and HRTEM,  revealing  the  structural  integrity
of  the  parent  SBA-15,  and presence  of  highly  dispersed  Cu  and  Fe  species  present  as CuO and  Fe2O3.  The





p-phenyl  diamine  (DPD)  employing  a  H2O2 oxidant  in aqueous  solution.
© 2016  The  Author(s).  Published  by Elsevier  B.V. This  is  an open  access  article  under  the CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).,N’-diethyl-p-phenyl diamine
. Introduction
Water pollution remains a major challenge for emergent coun-
ries due to the ongoing unregulated discharge of toxic and
on-biodegradable chemicals into aquatic environments [1–4],
hich conventional wastewater treatment methods, including
iological microorganism and/or physico-chemical processes (ﬂoc-
ulation, chlorination and ozonation), are unable to effectively
emove [5,6]. Existing water remediation technologies thus require
dditional post-treatments to avoid secondary disposal issues
nd contamination [7]. Advanced oxidation processes (AOPs) are
romising alternative technologies for the removal of toxic-and
on-biodegradable compounds in water [7–11], operating at ambi-
nt temperature and pressure to generate strongly oxidizing
ydroxyl radicals (•OH) able to completely degrade organic com-
ounds into non-toxic products (ideally CO2 and H2O) [11–13].
mongst the different AOPs, Fenton reactions based around iron
edox chemistry has gained popularity due to high removal efﬁ-
iencies for recalcitrant organic contaminants, in addition to the
atural abundance of iron, ease of catalyst separation and low cost
14].
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926-3373/© 2016 The Author(s). Published by Elsevier B.V. This is an open access articleHeterogeneous Fenton type AOPs have attracted much recent
attention [15], and have the potential to combat diverse acidic, basic
and neutral pollutants discharged into the environment [16–18].
Mesoporous inorganic solids such as MCM,  SBA, KIT and TUD mate-
rials offer great opportunities across materials science. However,
there are few reports on the use of ordered mesoporous silicas for
heterogeneous Fenton oxidation [19–22]. One  of the most widely
utilized such ordered, mesoporous silicas, SBA-15, exhibits a high
speciﬁc surface area, tunable pore size, narrow pore size distri-
bution, and hydrothermal stability, rendering it very attractive
for catalysis, adsorption, bio-sensing, and controlled drug delivery
[12,14,23,24]. SBA-15 facilitates the genesis of isolated metal ions
(M+), the dispersion of metal oxide (MxOy) and metal (M0) nanopar-
ticles, and a broad range of organic functionalities. Bimetallic
systems comprising copper in combination with iron have shown
promise for a wide range of heterogeneously catalyzed reactions
including borane hydrolysis for hydrogen production [25], phenol
[19] and toluene oxidation [26], and heterogeneous Fenton degra-
dation of phenolics [27,28] and dyes such as Rhodamine B [29].
In many of these systems iron leaching and concomitant catalyst
deactivation was  reported. An important but little studied neutral
amine N,N-diethyl-p-phenyl diamine (DPD) is used widely in color
photography, as a dye intermediate, rubber component, and reduc-
ing agent in the petrochemical industry [30,31] and its discharge
into water streams can cause allergic dermatitis in humans [32]
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

















TFig. 1. Low angle and (inset) wide angle XRD patterns of CuFe/SBA-15.
e  reported recently DPD degradation using a FeTUD-1 catalyst,
hich afforded reductions of 91% of COD and 80% of TOC under
ild reaction conditions [31]. Herein, we report a simple prepara-
ive route to a bimetallic CuFe/SBA-15 catalyst, comprising highly
ispersed Cu and Fe oxides for the Fenton-like oxidation of DPD in
queous solution under mild conditions in which synergy between
he transition metals confers excellent degradation performance.
. Experimental
.1. Catalyst synthesis
SBA-15 was synthesized using Pluronic P123 (EO20PO70EO20) as
 mesopore template and tetraethylorthosilicate (TEOS) as the silica
ource under acidic conditions similar to that reported by Shylesh
nd Singh [33]. Brieﬂy, 2 g of P123, 15 g water and 60 g of 2 M HCl
ere mixed at 35 ◦C to yield a homogenous mixture. After stirringor 30 min, 4.25 g of TEOS was added gradually and stirring contin-
ed for 24 h. The obtained mixture was transferred and sealed in
 Teﬂon autoclave for hydrothermal treatment at 100 ◦C for 24 h.
he resulting gel was ﬁltered off and washed with distilled water
Fig. 2. (a) N2 adsorption-desorption isotherms, and nvironmental 199 (2016) 323–330
before drying at 100 ◦C for 12 h to yield a solid powder. Template
removal was performed by calcination at 550 ◦C for 6 h under air
resulting in the ﬁnal SBA-15 support. CuFe/SBA-15 sample was  pre-
pared by incipient wetness impregnation of the mesoporous silica
with an aqueous mixture of 75 mg  copper nitrate (Cu (NO3)2·3H2O)
and 74 mg  iron nitrate (Fe (NO3)2·9H2O) salts as the Cu and Fe
oxide sources respectively. Monometallic Cu/SBA-15 and Fe/SBA-
15 analogues were likewise prepared through incipient wetness
impregnation with each precursor. Individual Cu and Fe loadings
were approximately 4 wt% in the bimetallic and monometallic sam-
ples, which were subsequently dried at 100 ◦C for 12 h prior to
calcination in air at 500 ◦C for 4 h.
2.2. Catalyst characterization
Powder X-ray diffractograms (2 = 0.5–6◦ and 2 = 10–80◦) of
the sample were recorded on a Bruker D8 diffractometer using
Cu K radiation ( = 1.5418 Å). Nitrogen adsorption and desorption
isotherm was obtained at 77 K using a Micromeritics ASAP 2020
porosimeter. Prior to the experiments, the sample was degassed
under vacuum at 473 K for 3 h. The speciﬁc surface area and pore
size distribution of the sample was calculated using the BET method
and BJH method respectively (using the adsorption isotherm). Dif-
fuse reﬂectance UV–vis spectroscopy (DRUVS) was recorded in
the range 200–800 nm with a Perkin Elmer spectrometer using a
BaSO4 reference. FTIR of the CuFe/SBA-15 sample was  recorded on
a Bruker Tensor27 instrument at room temperature with a reso-
lution of 4 cm−1. Raman spectroscopy was  performed on a Bruker
FT-Raman 1000 R instrument using 1064 nm excitation. The mor-
phology of the CuFe/SBA-15 was  explored by scanning electron
microscope (SEM, Quanta 200 FEG) with samples simply dispersed
over carbon tape and not gold-coated. Bulk elemental analysis was
performed by energy dispersive X-ray spectroscopy (EDX). High
resolution transmission electron microscopy (HRTEM) was carried
out on a JEOL 3010 instrument with a UHR pole piece (acceler-
ating voltage of 300 kV). X-ray photoelectron spectroscopy (XPS)
was acquired on a Kratos AXIS HSi spectrometer equipped with
a charge neutralizer and monochromated Al K excitation source
(1486.7 eV), with energies referenced to adventitious carbon at
284.6 eV. Spectral ﬁtting was performed using CasaXPS version
2.3.14.
(b) BJH pore size distributions of CuFe/SBA-15.















(and of the parent SBA-15 in Fig. S1a,b), exhibiting a type IV
isotherm with a H1-type hysteresis loop characteristic of meso-Fig. 3. DRUVS spectrum of CuFe/SBA-15 catalyst.
.3. N,N-diethyl-p-phenyl diamine adsorption over cuFe/SBA-15
In the heterogeneously catalyzed degradation of organic pollu-
ants, the latters’ adsorption from aqueous solution plays a critical
ole. N,N-diethyl-p-phenyl diamine (DPD) adsorption was  there-
ore performed by adding a ﬁxed catalyst loading (0.5 g/L) to DPD
olutions of varying concentrations between 0.1 g/L to 0.5 g/L, and
he resulting slurries then placed in an orbital shaker for 24 h at
50 rpm and 27 ◦C until equilibrium was attained as determined
rom the characteristic 240 nm UV–vis absorbance. The amount of
PD adsorbed over CuFe/SBA-15 at equilibrium, qe (in milligrams
er gram), was obtained from Eq. (1),
e = (C0 − Ce)V/W (1)
here C0 and Ce (in milligrams per liter) are the initial and equilib-
ium concentration of DPD, V is the volume of solution (in liters),
nd W is the mass of CuFe/SBA-15 (in grams).
Fig. 4. (a) FTIR and (b) FT-Raman spnvironmental 199 (2016) 323–330 325
2.4. N,N-diethyl-p-phenyl diamine degradation over
CuFe/SBA-15
DPD degradation was conducted isothermally in a 250 mL
polypropylene container employing 100 mL of stock solution
(500 mg/L DPD in distilled water) with 8 mmol  of H2O2 (50 vol%).
A range of CuFe/SBA-15 catalyst charges were subsequently added
to this solution, and aliquots periodically withdrawn during the
course of reaction for subsequent UV–vis and total organic content
(TOC) analysis[8] using a Perkin Elmer UV–vis spectrophotometry
and Shimadzu–VCSH TOC analyzer. The extent of TOC removal was
calculated from Eq. (2),
%TOC removal = (TOCinitial − TOCﬁnal) × 100/TOCinitial (2)
where TOCintial and TOCﬁnal (mg/L) are the initial and ﬁnal DPD
concentrations. Some of the degraded products were determined
by HPLC (Shimadzu) using a C18 column (Phenomenex Luna 5 ,
C18 (2), 100 Å) detector UV 254 nm (acetonitrile + phosphate buffer
eluent). A Micromass QuattroII triple quadrupole ESI LC–MS sys-
tem was also used to identify the degraded products in positive
ionization mode, details provided in the supporting information.
3. Results and discussion
3.1. Catalyst characterization
Low and wide angle XRD patterns of the as-prepared CuFe/SBA-
15 catalyst are displayed in Fig. 1. The low angle diffractogram
exhibits (100), (110) and (200) reﬂections characteristic of the
p6mm SBA-15 ordered hexagonally close-packed support architec-
ture [21,28,33,34]. The corresponding wide angle pattern (Fig. 1
insert) only exhibits a broad peak between 15◦ and 30◦ due to
amorphous silica, with no reﬂections associated with copper or iron
phases, indicating that these elements must be present in struc-
tures with dimensions below the size limit for detection, i.e. below
approximately 2 nm,  and hence are highly dispersed [28].
Nitrogen adsorption-desorption isotherms and corresponding
pore size distributions of the CuFe/SBA-15 are shown in Fig. 2a,bporous materials [34]. The high degree of mesopore ordering
results in a sharp inﬂection at relative pressures (P/Po) between
ectra of CuFe/SBA-15 catalyst.
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mig. 5. (a) Fe and (b) Cu 2p XP spectrum of background-subtracted CuFe/SBA-15
atalyst.
.6 and 0.8, consistent with well-deﬁned 3 nm mesopores and evi-
encing retention of the parent SBA-15 mesostructure. The BET
urface area and pore volume of CuFe/SBA-15 was 596 m2/g and
.75 cm3/g, similar to that of the parent SBA-15 (650 m2/g) and
ence demonstrating minimal pore blockage following transition
etal impregnation.
A broad absorption peak maximum was observed at 370 nm in
he DRUV spectrum of the CuFe/SBA-15 sample (Fig. 3) which is
ssigned to the presence of CuO and Fe2O3 clusters [35]. Notably,
here were no higher wavelength (>400 nm)  absorbances due to
ulk oxides, indicative of a high copper and iron dispersion, consis-
ent with the wide angle XRD in Fig. 1.
The FT-IR and FT-Raman spectra of CuFe/SBA-15 sample are
hown in Fig. 4a,b. The IR spectrum shows an absorption band at
644 cm−1 attributed to the bending mode of adsorbed water, with
ntense bands at 1210, 1089 and 806 cm−1 arising from Si O Si
symmetric and symmetric stretching modes[21]. The Raman spec-
rum exhibits peaks at 295, 346, 487 and 625 cm−1, which those
t 295, 346 and 625 cm−1 attributed to the Ag and Bg modes of
uO[35], with that at 487 cm−1 attributed to Fe2O3.
Surface elemental analysis by XPS revealed Cu and Fe loadings of
.1 and 0.3 atom% (0.3 wt% and 0.7 wt%) respectively. The Fe 2p3/2
P binding energy of 710.55 eV (Fig. 5a) was consistent with the
resence of Fe2O3 [36], although the low signal intensity prohib-
ted clear observation of the anticipated shake-up satellite around
19 eV. The corresponding Cu 2p XP spectrum (Fig. 5b) exhibited a
p3/2 state around 932.3 eV, accompanied by a satellite at 240.6 eV,
onsistent with the presence of CuO[8]. Fig. 6a,b shows the SEM
mage and EDX proﬁle of the CuFe/SBA-15 sample. As previously
eported for SBA-15, uniform micron sized SiO2 particle morpholo-
ies were observed (Fig. 6a), while EDX (Fig. 6b) conﬁrmed the
resence of Cu and Fe with bulk loadings of 2.93 and 1.72 wt.%
espectively.
HRTEM in Fig. 7a,b visualize the expected close-packed hexago-
al arrangement of parallel mesopores characteristic of the p6mm
pace group. The average wall thickness was ∼3–4 nm,  with similar
idth pore diameters in agreement with N2 porosimetry. However,
ue to the low metal loadings and contrast it was difﬁcult to clearly
dentify the transition metal oxide phases, in accordance with the
ighly dispersed species implied by XRD and DRUVS.
.2. N,N-diethyl-p-phenyl diamine adsorptionAdsorption isotherms for DPD over CuFe/SBA-15 are presented
n Fig. 8a,b. DPD adsorption is an important parameter in deter-
ining the kinetics of its heterogeneously catalyzed oxidation, andFig. 6. (a) SEM image and (b) EDX elemental compositions of CuFe/SBA-15.
hence equilibrium constants for DPD adsorption were measured.
Langmuir isotherms assume monolayer adsorption over identical,
localised catalyst sites as described in Eq. (3) [37,38]
qe = KLCe1 + qMCe
(3)








where, KL is the Langmuir equilibrium constant (L/mg), and
qM (mg/g) is the monolayer adsorption capacity, which were
calculated from a plot Ce/qe versus Ce (adsorbed equilibrium con-
centration). The characteristic parameter of Langmuir isotherm
can be illustrated in terms of dimensionless equilibrium param-
eter Ce is the equilibrium concentration (mg/L), qe is the amount
of DPD adsorbed at equilibrium (mg/g). The essential features of
the Langmuir isotherm can be expressed in terms of a dimension-
less constant called separation factor (RL) also called known as the





The Freundlich isotherm is a reﬁnement of the Langmuir
approach which is better suited to inhomogeneous catalysts
exhibiting a distribution of active centers which may  participate




A linear form of this expression is




where, KF (L/g) is the Freundlich constant and n (g/L) is the Fre-
undlich exponent. Therefore the plot of log qe versus log Ce enables
the constant and exponent “n” to be determined. The resulting
values for DPD adsorption over CuFe/SBA-15 assuming Langmuir
adsorption were qm = 13.75 mg/g and KL = 0.019 L/mg as presented
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Fig. 7. HRTEM images of CuFe/SBA-15 catalyst (a) parallel and (b) perpendicular to the pore channels.
Fig. 8. (a) Langmuir isotherm or (b) Freundlich isotherm ﬁts to DPD adsorption over CuFe/SBA-15 catalyst at 27 ◦C.
Table 1
Langmuir and Freundlich isotherm constants for DPD adsorption over CuFe/SBA-15.


















iqm, mg/g KL, L/mg R2
CuFe/SBA-15 13.75 0.019 0.9974 
n Table 1. The value of RL indicates the shape of the isotherms to
e either unfavorable (RL >1), linear (RL = 1) or favorable (0 < RL > 1).
oth isotherms present similar quality ﬁts to the experimental
ata, and hence we favour the simpler Langmuir parameter for
uFe/SBA-15 for adsorption at a common active site; DPD adsorp-
ion increases with increasing equilibrium concentration.
.3. DPD degradation by CuFe/SBA-15
Experimental conditions for DPD degradation were adapted
rom relevant literature [31], wherein a signiﬁcant excess of per-
xide was employed to ensure operation in a regime where
omplete oxidation was possible. The solution pH was initially 4
nd decreased slightly to 3.1 over the course of reaction, presum-
bly due to the formation of acidic oxidation products. Fig. 9a shows
V–vis spectra of the DPD solution as a function of reaction time.
he presence of DPD is indicated by an absorption at max = 240 nm,
hich decays to around 90% of its original intensity within 120 min
n the presence of CuFe/SBA-15. The degradation efﬁciency of1/n n KF, L/g R2
436–0.0947 0.237 4.2 0.322 0.9767
CuFe/SBA-15 towards DPD relative to that of monometallic Fe/SBA-
15 and Cu/SBA-15 counterparts is compared in Fig. 9b. Only 49.8%
and 48.7% of DPD was  oxidized over 4 wt%  Cu/SBA-15 and 4 wt%
Fe/SBA-15 respectively, reﬂecting their limited individual oxida-
tion potential [39,40]. In contrast, the bimetallic CuFe/SBA-15
removed 83% of DPD, while a physical mixture of over 4 wt%
Cu/SBA-15 and 4 wt% Fe/SBA-15 together only removed 65% of DPD,
evidencing a strong synergy between Fenton and copper catalyzed
DPD degradation.
As shown in Table 1, the equilibrium adsorption capacity of
CuFe/BSA-15 is only 14 mg/gcatalyst, and hence adsorption can only
account for 0.14% of the observed DPD loss, the overwhelming
majority of which is therefore ascribed to its oxidation by hydroxyl
radicals (OH•) generated through H2O2 decomposition over Cu2+
and Fe3+ active sites, resulting in mineralization of the organic con-
taminant to CO2 and water[41–45]. Fig. 10a shows the inﬂuence of
CuFe/SBA-15 catalyst loading on TOC removal at a ﬁxed degradation
time of 120 min  and 8 mM H2O2 concentration. DPD decomposition
was approximately ﬁrst order in catalyst loading up to 100 mg/L,
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Fig. 9. (a) UV–vis spectra of DPD solution as a function of reaction time over CuFe/SBA-15, and (b) comparative DPD removal efﬁciency determined by DRUVS of Cu/SBA-15,
Fe/SBA-15, bimetallic CuFe/SBA-15 and a physical mixture of Cu/SBA-15 + Fe/SBA-15. Reaction conditions: 100 mL  water, 100 mg DPD, 10 mg  catalyst, 25 ◦C and 8 mM H2O2.
F uFe/SBA-15 loading, and (b) DPD concentration in solution during oxidative degradation


























cig. 10. (a) TOC removal after 120 min  DPD oxidative degradation as a function of C
ver  CuFe/SBA-15. Reaction conditions: 100 mL  water, 25 ◦C, 8 mM H2O2, and (a) 10
bove which little further increase in degradation rate occurred,
ndicating that DPD oxidation becomes mass-transport limited at
igh catalyst loadings[46–50]. Fig. 10b shows the rate of DPD
egradation as a function of initial concentration. At low concentra-
ions, the degradation efﬁciency was 85% after 120 min  for 100 ppm
PD, the degradation efﬁciency was slightly decreased at the high-
st concentration. However, the initial rate of degradation (after
0 min) increased from 9.2 × 10−3 mg/min to 3.5 × 10−2 mg/min
ith rising initial DPD concentration from 100 to 500 mg/L. This
ositive reaction order in DPD suggests that adsorption is slow and
ay  be rate-limiting in the oxidation.
FTIR spectra of the DPD solution before and after catalyst
reatment (Fig. 11a,b) revealed signiﬁcant changes in the organic
pecies present, with the intensities of C H and C C bands [51,52]
etween 2800 and 3000 cm−1 and 1000–1500 cm−1 (indicative of
lkyl, amine and phenyl groups) decreasing post-reaction. Atomic
bsorption spectroscopy of the ﬁltrate and spent catalyst recov-
red after DPD degradation revealed negligible Cu and Fe leaching
<0.5 ppm and 0.2 ppm leached respectively), equating to ∼2–5% of
he original transition metal incorporated into the catalyst. Recy-
ling experiments revealed that the catalyst structure (Figs. S2
nd S3) was retained following DPD oxidative degradation, and
hat CuFe/SBA-15 could be re-used three consecutive times with
egligible activity loss (Fig. S4), conﬁrming its excellent stability.
 simple cost analysis for the synthesis and application of our
uFe/SBA-15 catalyst to the remediation of a single batch of DPD
ontaminated water (at a relatively high level of 0.5 g/L) is pro-Fig. 11. FTIR spectra of (a) as-prepared, and (b) post-reaction DPD solution after
treatment with CuFe/SBA-15 catalyst.
vided in Table S1, which suggests an indicative cost of US$17 for a
single 100 L batch, however the excellent stability of our catalyst
system suggests it can be reused at least three times, and hence
the true cost is likely signiﬁcantly less than US$0.05/L, rending this
AOP economically viable.
3.4. Proposed mechanism for DPD degradationHeterogeneously catalyzed Fenton oxidation is proposed to
occur via the formation of surface peroxides, which dissociate to
produce peroxyl radicals and in turn promote oxidative degrada-





















































































[S. Karthikeyan et al. / Applied Cataly
ormation of CuO and Fe2O3 surface species, which must be the
ites for radical formation; Fe3+ and Cu2+ sites present in CuFe/SBA-
5 likely generate hydroperoxyl and hydroxyl radicals from H2O2
ccording to Eqs. (8)–(11) below [6,21,24]:
iO2 − Fe3+/Cu2+ + H2O2 → SiO2 − Fe2+/Cu2+ + H+ + HO2• (8)
iO2 − Fe2+/Cu2+ + H2O2 → SiO2 − Fe3+/Cu2+ + 2OH• (9)
iO2 − Fe3+/Cu2+ + H2O2 → SiO2 − Fe3+/Cu+ + H++HO2• (10)
iO2 − Fe3+/Cu+ + H2O2 → SiO2 − Fe3+/Cu2+ + 2OH• (11)
The slight fall in pH during reaction is consistent with the gen-
ration of protons (and organic acids) in the above reactions. In
rinciple, either transition metal cation may  undergo reduce ﬁrst
nd hence initiate DPD oxidation, however it is likely that the
ynergy arises from a combination of enhanced peroxide decom-
osition and faster redox processes driven through the reduction of
e3+ by Cu+ [27,29] as shown in Eq. (11) the spillover of reactively-
ormed partial oxidation products of DPD from one metal site to
he other. However, such mechanistic aspects will be the subject
f future investigations. Experimental veriﬁcation of the proposed
atalytic cycle, which involves the reduction of Fe(III)/Cu(II) to
e(II)/Cu(I) and subsequent re-oxidation of both transition met-
ls, is problematic due to the transient nature of the reduced
pecies whose lifetimes likely span ns → s. Identiﬁcation of such
hort-lived Fe(II)/Cu(I) species by conventional X-ray or UV–vis
pectroscopies with spectral acquisition on the ms  → min  timescale
ould be hence impossible. Unequivocal evidence for low oxida-
ion state transients would also be extremely difﬁcult unless the
atalytic cycles of every metal cation in our catalysts were precisely
ynchronised such that each was reduced simultaneously and then
e-oxidised simultaneously (entirely unfeasible in a thermally-
riven reaction); otherwise only average oxidation states could
e measured. Surface silanols (Si O H) may  also help to hydro-
en bond the amine functions present within DPD, increasing the
urface lifetime of the organic substrate and hence probability
f reaction with proximate hydroxyl radicals formed at CuO and
e2O3 nanoparticles to form smaller molecular fragments, includ-
ng amines, alcohols and acids as determined by HPLC (Fig.S1),
longside CO2 and H2O as per Eq. (12):
PD + OH• → Organic fragments + CO2 ↑ + H2O (12)
. Conclusions
A bimetallic mesoporous SBA-15 catalyst was synthesized con-
aining highly dispersed CuO and Fe2O3 oxides, and applied to the
xidative degradation of N,N-diethyl-p-phenyl diamine in water.
PD adsorption was well described by Langmuir adsorption, with
 maximum adsorption capacity of 13.75 mg/g at ambient tem-
erature. Oxidative degradation of DPD at 100 mg/L occurred over
uFe/SBA-15 with 83% destruction within 120 min. The initial rate
f degradation was ﬁrst order in DPD for concentrations spanning
00–500 mg/L. CuFe/SBA-15 appears an excellent heterogeneous
atalyst for DPD removal from aqueous solutions.
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